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Conformational rearrangements of an archaeal chaperonin upon
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Chaperonins are double-ring protein assemblies with a
central cavity that provides a sequestered environment
for in vivo protein folding. Their reaction cycle is
thought to consist of a nucleotide-regulated alternation
between an open substrate-acceptor state and a closed
folding-active state. The cavity of ATP-charged group I
chaperonins, typified by Escherichia coli GroEL [1], is
sealed off by a co-chaperonin, whereas group II
chaperonins — the archaeal thermosome and eukaryotic
TRiC/CCT [2] — possess a built-in lid [3–5]. The
mechanism of the lid’s rearrangements requires
clarification, as even in the absence of nucleotides,
thermosomes of Thermoplama acidophilum appear
open in vitrified ice [6] and closed in crystals [4]. Here
we analyze the conformation of the thermosome at
each step of the ATPase cycle by small-angle neutron
scattering. The apo-chaperonin is open in solution, and
ATP binding induces its further expansion. Closure
seems to occur during ATP hydrolysis and before
phosphate release, and represents the rate-limiting
step of the cycle. The same closure can be triggered by
the crystallization buffer. Thus, the allosteric regulation
of group II chaperonins appears different from that of
their group I counterparts.
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Results and discussion
Small-angle neutron scattering (SANS) gives information
about the overall structure and conformational changes of
macromolecules in solution. The Fourier transform of the
scattering function yields a pair-distance distribution func-
tion (p(r)), which gives the weighted frequency of occur-
rence of different distances between the elementary
scatterers within the particle [7]. We have determined the
scattering function, the radius of gyration and the p(r) for
the T. acidophilum thermosome under various conditions and
compared the experimental data with those calculated from
the density, as determined by cryo-electron microscopy
(cryo-EM), and from the coordinates of the crystal structure,
to assess the extent of opening and closure of this chaper-
onin during ATPase cycling.
The p(r) of the apo-thermosome was calculated from the
corresponding scattering curve (Figure 1a) and compared
with p(r) functions obtained from the available structural
data (Figure 1b). Clearly, the solution conformation of the
apo-thermosome is better reflected by the open structure
observed in vitrified ice than by the closed structure found
in crystals. This is consistent with the current view that
apo-chaperonin, or ADP–chaperonin [8], represents the
substrate–acceptor state. Distortions of protein architecture
upon crystallization have been documented and are sug-
gested to occur especially in the case of highly allosteric
enzymes, as, for example, aspartate transcarbamylase [9].
Thus, the next question is whether closure of the thermo-
some also takes place following a physiologically relevant
stimulation, namely, the binding and hydrolysis of ATP.
A small but significant and reproducible modification of
thermosome conformation by ATP or its nonhydrolysable
analogon AMPPNP (5′-adenylylimidodiphosphate) is
visible in Figure 1c. These data compromise the validity
of the GroE-based assignment of the crystal conformation
of the thermosome to the MgATP-bound state [4,5].
Rather than a postulated closure, the displacement of p(r)
to the right indicates a slight enlargement, which can be
interpreted as an opening of the chaperonin upon
MgATP binding. In a control experiment in magnesium-
free buffer, no structural change could be detected upon
addition of ATP or its analogon. Finally, incubation with
ADP had a considerably smaller effect than ATP on the
p(r) of the thermosome.
Altogether, it appears that even if the protrusions of the
apical domains of group II chaperonins play the role of a
GroES-like lid, binding of ATP or ADP is not sufficient to
bring about the lid’s closure. Cryo-EM analysis of GroEL
shows vertical expansion and twisting of the apical
domains upon nucleotide binding [10] in the absence of
GroES; it is the ADP–GroEL, however, that shows the
more pronounced elongation. The fact that SANS was not
sensitive enough to reveal differences between GroEL and
ADP–GroEL [11] means that the ATP-induced opening of
the thermosome results in a greater mass redistribution
than the ADP-induced expansion of GroEL. Interestingly,
a recent cryo-EM study of the eukaryotic chaperonin
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TRiC/CCT revealed upward and outward movements of
the apical domains on binding of denatured substrate [12]. 
The closure of the built-in lid might be linked to a re-
positioning of the amino-acid residues in the nucleotide-
binding site during ATP cleavage. Therefore, the solution
conformations of the transition state of hydrolysis (thermo-
some–ADP-P) and the thermosome–ADP-Pi intermedi-
ate, where phosphate is already noncovalently bound to
ADP but not yet ejected, were examined. The geometry
of binding of aluminum fluorides to a variety of ADP- or
GDP-charged proteins resembles that of the transition
state of the ATPase/GTPase reaction, accounting for the
common biochemical action of aluminum fluorides as
higher-affinity and slower-dissociating phosphate analogs.
Binding of ADP–fluoroaluminate complexes to group II
chaperonins has been demonstrated crystallographically
for the thermosome [4] and biochemically for TRiC [13].
Under similar conditions, the p(r) of the thermosome is
characteristic of an open ATP-like conformation
(Figure 1c). Thus, the progression of the thermosome
from the ATP ground state to the ADP-P transition state
does not appear to involve large-scale mass redistributions.
The next species along the pathway of ATP hydrolysis
would be thermosome–ADP-Pi, occurring transiently after
ATP cleavage but before release of the γ-phosphate.
Reconstruction of the thermosome–ADP-Pi complex was
attempted by incubation of the thermosome with excess
ADP in a highly concentrated phosphate buffer to shift
back the dissociation of ADP and Pi, and force the prod-
ucts of hydrolysis to remain bound on the protein. In a
control experiment in the absence of ADP, phosphate
buffer alone did not significantly affect thermosome con-
formation. The concerted action of both Pi and ADP,
however, resulted in a dramatic change in the p(r) demon-
strating a large mass redistribution associated with contrac-
tion of the protein. The most straightforward explanation
is that during the cycle of ATP hydrolysis, the thermo-
some transiently closes upon relaxation out of the tight
ADP-P state into a looser noncovalent ADP-Pi state that
allows product release. Supporting this interpretation is
the accessibility of the nucleotide-binding site in the crys-
tals of the closed chaperonin [4].
Why does the apo-thermosome crystallize in a closed con-
formation? As the crystallization buffer included 2 M
(NH4)2SO4 [4], we examined its influence on the solution
structure of the chaperonin (Figure 1a,d). The p(r) func-
tions of the thermosome in ADP + Pi and in concentrated
(NH4)2SO4 solutions are strikingly similar (Figure 1d). The
high salt conditions used for crystallization might be induc-
ing closure of the chaperonin simply by favoring hydro-
phobic interactions between the α-helical protrusions of
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Figure 1
Structural rearrangements of the thermosome
in solution as determined by SANS.
(a) Scattering curves of apo-thermosome in
the presence (green) and absence (red) of
ammonium sulfate. Note the conformational
change induced by the crystallization buffer
(see below). (b) Open conformation of the
nucleotide-free thermosome in solution. Note
the dramatic difference between the pair-
distance distribution functions calculated from
the cryo-EM (dashed line) and the crystal
(dotted line) structures, as well as the good
agreement of the experimental p(r) of the apo-
thermosome (red line) with the cryo-EM
model. Temperature changes between 10 and
55°C and pH shifts from 5.6 to 8.8 did not
affect the p(r). (c) Conformational
rearrangements of the thermosome upon
ATPase cycling. Binding of ATP, AMPPNP or
the transitional state analog ADP-AlFn (dark
blue line) results in a slight expansion of the
thermosome particle (red line), whereas ADP
(light blue line) has no significant effect on the
p(r). Remarkably, in highly concentrated
phosphate buffer, ADP binding to the
thermosome induces a contraction of the
protein (green line). Thus, the thermosome
appears to close transiently after ATP
hydrolysis but before product release.
(d) Closure of the thermosome in
crystallization buffer and comparison with
available structural models. Incubation of the
apo-thermosome (red line) in crystallization
buffer (purple line) and in phosphate buffer in
the presence of ADP (green line) induces a
similar conformational rearrangement. The
average conformation in solution is, however,
less compact than in the crystal (dotted line).
For comparison, the p(r) of an asymmetric
structure with one ring in the EM conformation
and one in the crystal conformation is shown
(solid black line). I(q), scattering intensity; q,
momentum transfer; r, distance.
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the apical domains [3], thereby driving their transformation
into a β-sheet lid [4]. We found, however, that such a struc-
tural change did not occur in phosphate buffer of similar
ionic strength, nor in concentrated NaCl or NH4Cl solu-
tions. In contrast, Na2SO4 promoted closure of the thermo-
some particle. We therefore conclude that closure can be
specifically induced by the sulfate ion.
On the one hand, the concentrated sulfate medium in
which the crystals were grown appears to force the thermo-
some to adopt a closed conformation. On the other hand, a
transient closure of the thermosome also takes place upon
ATP hydrolysis. We have recently shown that the rate-limit-
ing step of the ATPase cycle of the native thermosome
occurs after the chemical cleavage of the γ-phosphate bond
(I.G., unpublished observations). It is therefore associated
either with a relaxation of the thermosome–ADP-P complex
or with product release. We reasoned that if sulfate favors a
ADP-Pi-like conformation, then ATPase activity measure-
ments in the presence of sulfate would help us to pin down
the nature of the rate-limiting process. Insensitivity of
ATPase activity to sulfate would imply that the slowest step
in the ATPase cycling takes place after the ADP-Pi species
has been formed and is associated with the release of phos-
phate. If, on the other hand, the rate of hydrolysis is limited
by ADP-P→ADP-Pi rearrangements, then the stabilization
of the relaxed species by sulfate will accelerate hydrolysis.
The second prediction proved true, and sulfate ions were
indeed found to boost the stationary ATPase rate by around
fivefold (data not shown).
Figure 2 presents a model for the ATPase cycle of the
thermosome: the open apo-chaperonin expands slightly on
binding ATP, hydrolyzes the ATP, and slowly closes on
relaxation from the tight ADP-P state into a loose ADP-Pi
state. Phosphate release triggers re-opening and ADP dis-
sociates to complete the cycle. 
The amplitude of the experimentally observed closure of
the thermosome is substantially smaller than expected
from the difference between cryo-EM and crystal struc-
tures. The closed thermosome in solution appears less
compact than in the crystal (Figure 1c,d), which could be
due to equilibrium between the open and the closed
forms in solution. In scattering experiments, only an
average over all particles can be measured. Therefore, the
coexistence of particles in different conformations cannot
be resolved and the resulting p(r) has an intermediate
appearance. Alternatively, all the molecules in sulfate or
ADP + Pi solutions may have the same shape, different
from the one in the crystal. For instance, by analogy with
GroEL, which manifests negative cooperativity between
the rings [14,15], one could imagine that during ATPase
cycling only one of the two rings undergoes conforma-
tional changes associated with a major mass redistribution.
In this case, a ‘hybrid’ structure, with one ring in the open
(cryo-EM) and the other in the closed (crystal) conforma-
tion can be envisioned (Figure 1d). A similar asymmetric
conformation of the eukaryotic counterpart of the thermo-
some, TRiC/CCT, has been visualized recently by cryo-
EM and attributed to ATP-charged TRiC [16]. The exact
nature of the bound nucleotide was not determined,
however, and given the preparation procedure and the rate
of ATP hydrolysis by TRiC/CCT [13], the reconstructed
species might represent an ADP-Pi intermediate. 
Although models of the reaction cycle of the GroE system
do not call for an ADP-Pi species, a parallel might be drawn
between the ATPase pathways of the two chaperonin fami-
lies. Indeed, the rate-limiting step appears to be the transi-
tion from a tight state into an activated loose one. The
GroES–GroEL–ADP complex rearranges to allow rapid dis-
sociation of GroES [17], whereas the thermosome–ADP-P
species isomerizes to trigger the release of phosphate.
Further kinetic studies would be required to understand the
relevance and implications of this analogy. Although the
GroE system has become a paradigm of a ‘two-stroke
engine’, group II chaperonins appear to have evolved differ-
ent means of allosteric communication between subunits.
This is not surprising, given the described difference
between the inter-ring contacts in GroEL [10,18] and in the
thermosome [4] and TRiC [16]. Our study raises questions
as to the precise mechanism of thermosome regulation by
phosphate and the influence of the documented conforma-
tional rearrangements on the accessibility of the nucleotide-
binding site. Moreover, the purpose of nucleotide cycling
by chaperonins is thought to be the transduction of energy
into the folding of non-native proteins. As the ultimate goal
is to understand the functioning of group II chaperonins as
folding machines, the obvious priority is to address the
cycling of the thermosome in the presence of substrates,
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Figure 2
Model for ATPase cycling of the thermosome. The color coding
corresponds to that in Figure 1. Because the exact nature of inter-
subunit communication and domain movements is unknown,
conformations of different species are schematized. The rate-limiting
step is depicted in red. See text for details.
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especially because the substrate-recognition mechanism of
TRiC/CCT was recently shown to differ from that of
GroEL [12]. Can the closed state that we observed in solu-
tion be correlated with the folding-active species? Does the
unfolded protein catalyze the closure of the thermosome in
a similar way to how it accelerates the structural rearrange-
ment of the GroES–GroEL–ADP complex, so that this step
is no longer rate-limiting in the overall cycle [17]? Does the
substrate fold inside the cavity and how is this process
timed? A combination of SANS and enzymological analyses,
interpreted in the light of crystal and cryo-EM data, proves
to be a powerful tool to elucidate the allosteric behavior of
the thermosome at each step of its functional cycling and to
gain a better understanding of the biochemistry of the cycle.
Materials and methods
Thermosomes from T. acidophilum were purified as described [4] and
stored at 4°C in standard buffer: 20 mM TrisHCl pH 7, 50 mM NaCl,
10 mM MgCl2, 1 mM EDTA, 1 mM DTT, 2 mM NaN3 and 5% glycerol.
The glycerol did not influence the scattering curves. The pure chaper-
onin was systematically analyzed by cryo-EM to confirm its structural
integrity and tested for its capacity for ATP binding and hydrolysis. Mea-
surements were performed in D2O to enhance contrast and reduce
incoherent background. The protein concentration was kept between
2 and 5 mg/ml, where interparticle interactions and dissociation into
subunits were insignificant. Conformational effects of nucleotide binding
were assessed at 10, 20 and 55°C. Saturating amounts of ATP
(20 mM), ADP (20 mM), or AMPPNP (200 mM) were incubated with the
chaperonin for 5 min before measurements were made. No temperature
dependence of the resultant conformations could be detected.
AMPPNP–thermosome and thermosome–ATP showed the same scat-
tering curves. ATP binding was not measured at 55°C to avoid hydroly-
sis. The transition state of ATP hydrolysis was mimicked as described
for thermosome [4] and TRiC/CCT [13]; the exact nature of the bound
fluoroaluminate species was not determined. Thermosome–ADP-Pi was
reconstructed in 2 M phosphate buffer supplemented with 20 mM ADP
with all the additives from standard buffer. K+ had no visible effect on
the conformation of thermosome–nucleotide complexes. Because the
effect of high ionic strength (2 M NaCl, 2 M NH4Cl or 2 M phosphate)
on the scattering curves was found to be negligible, thermosome con-
formation was directly assessed in crystallization buffer [4]: thermosome
was dialyzed against 100 mM NaAc/HAc buffer pH 5.6 and supple-
mented with 2 M (NH4)2SO4 immediately before the measurement. This
experiment was conducted in H2O buffer, where thermosome aggrega-
tion/crystallization is significantly slower than in D2O buffer. The same
result was obtained with 1 M (NH4)2SO4 and with 1 M Na2SO4.
Measurements were performed at the SANS instrument D22 (Institut
Laue-Langevin; [19]) within a range of momentum transfer (q) from
0.01 Å–1 to 0.19 Å–1. q is defined as (4pi/λ)sinθ, where 2θ is the full
scattering angle and λ the neutron wavelength. Processing of the scat-
tering data, indirect Fourier transformation and calculation of theoretical
curves were performed as described previously [11,20]. In the crystal
structure (Protein Data Bank entry 1A6D), 7.6% of the total mass of
the thermosome (664 residues from the amino and carboxyl termini of
the subunits) are unresolved. By analogy with GroEL, they are pro-
posed to form a flexible septum that prevents substrate transfer
between the rings. Monte Carlo simulation positioned these residues
within the central cavity of the protein as described for GroEL [11,21].
The coordinates for the cryo-EM structure of the thermosome were
obtained by fitting the crystal structure into the cryo-EM density [6].
Supplementary material
Supplementary material including the determination of the radius of gyra-
tion is available at http://current-biology.com/supmat/supmatin.htm.
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